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Introduction
Mycobacterium tuberculosis (Mtb), the aetiological agent of tuberculosis (TB), infects approximately 2-3 billion people globally (1) . Though only a minority of infected individuals (<15%) will develop pulmonary disease during their lifetime, most remain prolonged asymptomatic carriers that may develop active disease later on (1) . In this instance bacilli are not entirely cleared, but remain in a state of dormancy inside its host. Throughout this period, Mtb resides inside lung granulomas, the main histopathology of TB (2) . The granuloma milieu is characterised by a multifaceted host immune response of containment and destruction, yet Mtb bacilli are able to counteract and evade host defences (3) (4) (5) .
During active TB, granulomas are characterised by large cell aggregates of lymphocytes, neutrophils, dendritic cells and peripheral fibroblasts (6) . Key effector cells of granuloma formation are macrophages, which can differentiate into vacuolar multinucleated giant cells (MGCs) or lipid-laden foam cells (7) .
Tuberculous bacilli may reside in foam cells or escape into the cell-free caseous centre of the granuloma (2, 7) . The biochemical signalling pathways involved in foamy phenotype regulation remain understudied. Growing evidence indicates that an advanced metabolic network stands at the centre of the unique adaptation of Mtb in its host macrophage (8) (9) (10) , regulating the manifestation of latent, chronic or acute TB.
The Mtb cell envelope comprises intricate layers of peptidoglycan, arabinogalactan, glycolipids, mycolic acids (MAs; α-alkyl, β-hydroxy fatty acids) and lipoproteins, with MAs being the dominant constituent (11, 12) . The structural and biochemical properties of MAs have been reviewed recently (13) . In short, these wax-like hydrophobic lipids comprise a mycolic motif with long non-functionalised alkyl chain and a meromycolate chain with up to two functional groups that can be either oxygenated (distal group) or unoxygenated (distal or proximal group) (13) . Three main Mtb MA classes exist: the most abundant unoxygenated alpha-MA (αMA), the less abundant oxygenated methoxy-(mMA) and the least abundant keto-MA (kMA; Fig. 1 ) (14, 15) . Orientation of the proximal cyclopropane differs. αMA essentially exists in cis-configuration (though a small amount of trans-may be present), whereas mMA and kMA by guest, on February 14, 2017 www.jlr.org Downloaded from contain either cis-or trans-cyclopropanation with an adjoining methyl branch (11) . Whilst the level of αMA is fixed at ~53% and oxygenated MA at ~47%, the ratio between the two oxygenated MAs varies with methoxy at 32-40% and keto at 7-15% (16) , depending on the growth stage of the bacilli (17) (18) (19) .
Mtb envelope derived lipids potently influence host immunity (20) (21) (22) , while host cell lipidomes are exploited by intracellular pathogens like Mtb to gain entry and replicate (23) . The work by Cole et al. on deciphering the Mtb genome identified two distinct sets of complex enzymatic machinery for successive biosynthesis of fatty acids, meromycolates and long carbon chain MAs (24) . A MA-rich cell wall that can be altered depending on physiological requirements is essential for Mtb virulence (17, 18) . We previously showed that in vivo MA treatment induced peritoneal and alveolar macrophages of the foam phenotype in mice (25, 26) , similar to that in macrophages from the TB granuloma (27) . At the onset of TB infection, foam cells form that are characteristically enlarged and filled with multiple lipid droplets (LD) and vacuoles (28, 29) . Cholesterol is abundantly distributed across cell membranes and forms a major constituent of LDs (30, 31) . It also plays a unique role in Mtb virulence and pathogenesis. Mtb preferentially catabolises cholesterol as nutrient source whilst its acquisition, through a unique Mtb import system, is necessary to establish and maintain persistent infection (32, 33) . In macrophages, the genetic regulator of cellular cholesterol homeostasis is the liver X receptor (LXR) (34) . LXRs are transcription factors that act as cholesterol sensors and that maintain the balance of cholesterol uptake and export through regulation of expression of cholesterol-associated target genes (35) .
To better understand the mechanisms responsible for the establishment of active TB related granulomas, we investigated how in vivo treatment of mice with chemically synthetic MAs, each with a defined stereochemistry representing the separate major classes of Mtb mycolates, influence cell differentiation and support of mycobacteria in peritoneal macrophages. We assessed the influence of MA structure first on the induction of foamy macrophages and MGCs identified by light and laser-scanning-confocal microscopy, second on cholesterol accumulation and finally on intracellular mycobacterial growth. Our results show that Mtb mycolates differentially steer host macrophages to either an enlarged vacuolar or a by guest, on February 14, 2017 www.jlr.org Downloaded from lipid-laden foamy phenotype. We report it is kMA that induced mainly cholesterol ester accumulation and intracellular LDs to sustain facilitation of mycobacterial BCG proliferation. mMA was found to induce vacuolation with no change in cholesterol ester levels, nor improved ability to sustain and facilitate mycobacterial growth. αMA treatment had a negligible effect on these parameters. To determine how foam cells brought about by non-tuberculous means compares to foam cells induced by the different mycolates, we also investigated cholesterol accumulation and mycobacterial growth of peritoneal macrophages from LXR-deficient mice. In macrophages with a deficiency in LXR activity that is characterised by perturbed cholesterol transport or export, we recorded foam cells with abundant cholesterol ester containing LDs that showed elevated BCG replication.
Materials and methods

Mycolic acids
Natural MA mixture was isolated and single synthetic MAs synthesised as previously described (16, (36) (37) (38) . The single MAs used for in vivo murine treatment in this study all contained cis-cyclopropanation, referring to the orientation of the proximal cyclopropane. MA treatments comprised cis-αMA, cis-mMA, cis-kMA consisting of a mixture of both epimers of the distal α-methyl-ketone group with S-and Rstereochemistry, and a natural isolated mixture of all three MA classes (each as a complex mixture of homologues) similar to the natural composition of MAs in the Mtb cell wall (MA mix) (Fig. 1) , i.e. ~53% αMA, ~38% mMA and ~9% kMA.
Animals
Mice used were specific pathogen-free C57BL/6 WT females, aged eight to twelve weeks (Janvier Labs, 
Mycobacterial culture and infection
BCG-dsRed has been described previously (40) . The BCG strain Copenhagen (Danish 1331) was used here (41) , which has no mMA, but similar quantities each of αMA and kMA (42 
Statistical analyses
The number of mice used for experiments comprised a minimum of five mice per treatment. Data were obtained from at least three independent experiments or 500 cells from no less than five separate microscopy images. The distribution of all data was determined by a Shapiro-Wilk (W) normality test. presented as mean ± standard error of the mean (SEM) and were considered significant at P ≤ 0.05.
Results
Mycolic acids of the methoxy oxygenation class promote the formation of multi-vacuolar foam cells
To assess the influence of MA structure on the induction of multi-vacuolar giant foam cells, mice were i.p. injected with 25 μg of various MAs (alpha, methoxy or keto) (Fig. 1 ) or control compounds (PBS or liposome carrier without synthetic MA). PECs were harvested two days after treatment. Macrophages were examined by cytospin analysis and laser-scanning-confocal microscopy. PEC from mice treated with PBS, liposome carrier without synthetic MA (Lipo) and αMA-containing liposomes contained <10% vacuolar foam cells ( Fig. 2A-B 10%) and other treatments (<5%) (Fig. 2C-D) . In addition, the proportion of enlarged V+ cells from the mMA cell population remained significantly elevated over time when kept in culture. At the 48 h time point, the macrophages from mMA treatment remained enlarged, while all other treatments resulted in macrophages returning to normal size (<5% enlarged V+ cells) (Fig. 2C ). MGCs were seen mainly among the enlarged V+ cells induced by mMA (Fig. 2E ).
Mycolic acids of the keto oxygenation class induce foam cells rich in cholesterol-laden lipid droplets
A clear difference was observed among treatments in their ability to induce LD accumulation (Fig. 3) .
kMA significantly induced LDs, up to 3-fold higher in comparison to all other treatments (Fig. 3A) .
Clearly, kMA was the strongest inducer of intracellular lipids in peritoneal mouse macrophages at all time points assayed. In order to normalise for LDs involved in regular macrophage metabolic activity, the LD number in PBS-treated cells was selected as baseline value against which relative increases or decreases of LDs in other treatments were compared. From this relative analysis, kMA again emerged as the MA class that significantly and prominently induced an increment in LDs in the macrophages (Fig. 3B-C) . To further substantiate and quantify the accumulation of LDs in kMA-treated macrophages, the levels of intracellular active cholesterol and stored cholesteryl ester was determined in peritoneal macrophages isolated two days after oxygenated mMA or kMA treatment. Macrophages from the kMA treatment contained substantial intracellular esterified cholesterol, which also accounted for 77% of the total cholesterol content (Fig. 3D) . Thus, the ratio of esterified-to-free cholesterol was distinctly elevated in the LD inducing kMA treatment and not in vacuole inducing mMA treated cells (Fig. 3D-E) .
Mycolic acid induced lipid droplet accumulation in macrophages promotes BCG proliferation
In order to determine to what extent LD induction by kMA or vacuole induction by mMA may affect mycobacterial growth, peritoneal macrophages from mice treated with kMA or mMA were infected with BCG-dsRed and cultured for five days (Fig. 4A) . Control groups again consisted of peritoneal macrophages isolated from mice injected with PBS (placebo) or the unoxygenated αMA. Infection of the macrophages with BCG did not abrogate the accumulation of LDs in kMA-treated macrophages, nor induce as such an accumulation of LDs in placebo-or mMA-treated macrophages (Fig. 4B, upper panel) .
Strikingly, BCG replication was strongly enhanced in the kMA-treated macrophages (Fig. 4C ), resulting in a near 3-fold increment in BCG numbers compared to the placebo-treated macrophages or macrophages treated with mMA (Fig. 4B, lower panel; and 4D ). Macrophages from mice treated with a natural mixture of MA made up of αMA (~53%), kMA (~9%) and mMA (~38%) showed an intermediate induction of LDs as well as BCG replication (Fig. 4B) , indicating that the presence of either mMA and/or αMA does not inhibit the LD-inducing and BCG proliferative biological function of kMA.
Assessment of mycobacterial growth in LD-accumulating macrophages from LXR-deficient mice
In order to determine whether foamy macrophages brought about by non-tuberculous means would also display elevated intracellular mycobacterial growth similar to kMA-treated macrophages, we investigated this parameter in peritoneal macrophages from LXR-deficient KO mice. Macrophages deficient in LXR contained abundant LDs sustained over time (Fig. 5A ). This was accompanied with intracellular accumulation of esterified-to-free cholesterol at a ratio of ~8:1 in KO mice (Fig. 5B) . Strikingly, these LD-accumulating macrophages, elicited by a deficiency in LXR activity, also showed a significantly increased mycobacterial growth as compared to macrophages from WT mice (Fig. 5C ).
Discussion
The hallmark response to Mtb infection is the formation of granulomas that, in spite of being crucial to host protection, are exploited by mycobacteria for survival and persistence (43) . Granulomas contain Evidence for this was provided by Yuan et al. (19) , who showed that keto mycolates are more abundant during the early stage of mycobacterial infection, but gives way to methoxy mycolates that become more abundant in the later phase of infection. Our results imply that much may be accomplished by attempting to control the switch between methoxy and keto mycolates as a principle of drug treatment to combat TB.
One argument for this was provided by Slama et al. (62) who showed that mMA was much more abundant in the virulent Mtb H37Rv strain than in the attenuated Mtb H37Ra strain. This has to be understood in the wider context that other differences between the H37Rv and H37Ra strains were also identified, but the researchers then achieved better resolution of the evidence ( 
